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INTRODUCTION
The electrokinetic phenomena in porous media with charged surfaces are of much fundamental and practical interest in various fields of science and engineering. In general, driving forces for the flow of electrolyte solutions in a small pore with a charged wall include dynamic pressure differences between the two ends of the pore (a streaming potential is developed as a result of the requirement of no net electric current) and tangential electric fields that interact with the electric double layer adjacent to the pore wall (electroosmosis). Problems of electrokinetic flow 1 To whom correspondence and reprint requests should be addressed. Fax: (886) 2 23623040. E-mail: huan@ccms.ntu.edu.tw.
caused by these driving forces were studied extensively in the past (1) (2) (3) . For an electrolyte solution subjected to a uniformly applied electric field E ∞ in the direction parallel to a plane wall, the electroosmotic velocity outside the double layer is given by the well-known Helmholtz equation
where ε/4π is the fluid permittivity, η is the fluid viscosity, and ζ is the zeta potential of the wall. Another driving force for the electrokinetic flow in a micropore, which has commanded less attention, involves tangential concentration gradients of an ionic solute that interacts with the charged pore wall. This solute-wall interaction is electrostatic in nature and its range is the electric double layer adjacent to the wall. The fluid motion associated with this mechanism, known as "diffusioosmosis" (and in contrast to the diffusiophoresis of colloidal particles in prescribed solute concentration gradients), has been discussed for electrolyte solutions near a plane wall (3, 4) and inside a straight capillary (5) (6) (7) (8) . For a solution of a symmetrically charged binary electrolyte with a constant concentration gradient ∇n ∞ along a plane wall, the diffusioosmotic velocity outside the double layer can be expressed as (4)
ζ = Zeζ 4kT . [4] Here, D 1 and D 2 are the diffusion coefficients of the anion and cation, respectively, Z is the absolute value of the valences of ions, e is the elementary electric charge, k is Boltzmann's constant, and T is the absolute temperature. Equation [2] predicts that the electrolyte solution can flow toward or away from the 354 0021-9797/02 $35.00 end of higher concentration, depending on the combination of the diffusion coefficients of the ions and the zeta potential of the wall. For the special case of D 2 = D 1 (or λ = 0), the fluid flow (due to chemiosmosis only) is in the direction of decreasing electrolyte concentration regardless of the sign of ζ and the fluid mobility is a monotonically increasing function of the magnitude of ζ .
The formulas for the electroosmotic and diffusioosmotic velocities of bulk electrolyte solutions parallel to a charged plane wall (given by Eqs. [1] and [2] ) can also be applied to the corresponding flow in straight capillaries when the thickness of the double layer adjacent to the capillary wall is small compared with the capillary radius. However, the capillary model of porous media is not a realistic model for either granular or fibrous systems, for it does not allow for the convergence and divergence of flow channels. For electroosmotic or diffusioosmotic flow within beds of particles, fibrous matrices, or microporous membranes, it is usually necessary to account for the effects of pore geometry, tortuosity, etc. To avoid the difficulty of the complex geometry appearing in beds of particles, unit cell models were often employed to predict these effects on the relative motions between a granular bed and the bulk fluid. These models involve the concept that a bed of identical particles can be divided into a number of identical cells, one particle occupying each cell at its center. The boundary value problem for multiple particles is thus reduced to the consideration of the behavior of a single particle and its bounding envelope. The most acceptable of these models with various boundary conditions at the outer (virtual) surface of a cell are the "free-surface" model of Happel (9, 10) and the "zero-vorticity" model of Kuwabara (11) . In the past, the unit cell models were used by many researchers to predict various transport properties, such as the mean sedimentation rate (12, 13) and electrophoretic mobility (14) (15) (16) (17) (18) (19) (20) in homogeneous suspensions of charged spherical particles as well as the electroosmotic mobility of electrolyte solutions in fibrous porous media (21) (22) (23) (24) . Recently, using the cell models, the present authors derived analytical expressions for the mean diffusiophoretic velocity of a swarm of dielectric spheres (25) , which can also apply for the diffusioosmotic velocity of electrolyte solutions within a fixed bed of charged spheres.
In this work, the Happel and Kuwabara cell models are used to obtain analytical expressions for the diffusioosmotic and electroosmotic velocities of a solution of a symmetrically charged electrolyte subjected to a uniformly imposed and arbitrarily oriented concentration gradient or electric field within a homogeneous array of parallel charged circular cylinders. The thickness of the electric double layers is assumed to be small relative to the radius of the cylinders and to the gap width between two neighboring cylinders, but the effect of polarization of the mobile ions in the thin double layers is taken into account. The analytical solutions in closed form obtained with the cell models enable the diffusioosmotic and electroosmotic velocities of the bulk fluid to be predicted as functions of the porosity of the fibrous porous medium for various cases.
ANALYSIS OF DIFFUSIOOSMOSIS
We consider the diffusioosmotic flow of a fluid solution of a symmetrically charged electrolyte in a fibrous porous medium constructed by a homogeneous array of parallel identical circular cylinders at the steady state. The cylinders are charged uniformly on the surfaces, and the fluid is assumed to be incompressible and Newtonian. The thin electric double layers surrounding the cylinders can be polarized but do not overlap with one another. The applied electrolyte concentration gradient ∇n ∞ (where n ∞ is the linear concentration distribution of the electrolyte prescribed in the absence of the cylinders) can be taken as a combination of its transverse and longitudinal components with respect to the orientation of the cylinders,
where e x and e z are the unit vectors in the directions normal and parallel, respectively, to the axes of the cylinders. Then, the problem can be divided into two due to the linearity and they will be separately solved. The overall diffusioosmotic velocity of the bulk fluid can be obtained by the vectorial addition of the two-component results. First, we consider the diffusioosmosis of the fluid solution due to the transverse component of the electrolyte gradient. The bulk diffusioosmotic velocity of the solution caused by the gradient (∇n ∞ ) t can be written as −U t e x . As shown in Fig. 1 , we employ a unit cell model in which each dielectric cylinder of radius a is surrounded by a coaxial circular cylindrical shell of the fluid solution having an outer radius of b such that the fluid/cell volume ratio is equal to the porosity 1 − ϕ of the fiber matrix; viz. ϕ = (a/b) 2 . The origin of the polar coordinate system (ρ, φ) is taken at the axis of the cylinder and the polar axis φ = 0 points toward the positive x direction. Obviously, the two-dimensional problem for each cell is symmetric about the x axis. Our objective is to determine the bulk fluid velocity induced by the diffusioosmotic driving force in the limit of small Peclet and Reynolds numbers.
The fluid phase in a cell can be divided into two regions: an "inner" region defined as the thin double layer surrounding the cylinder and an "outer" region defined as the remainder of the fluid which is neutral. In the outer region, the equations of conservation of each ionic species and the fluid momentum are the Laplace equation (26, 27 )
and the Stokes equation for viscous two-dimensional flows
In Eq. [6] , µ m (ρ, φ) is the electrochemical potential energy of species m defined by
where µ 0 m is a constant, n m (ρ, φ) and z m are the concentration and valence, respectively, of type m ions, and (ρ, φ) is the electric potential. The subscript m equal to 1 and 2 refers to the anion and cation, respectively, so −z 1 = z 2 = Z . Note that, in the outer region, n 1 = n 2 = n, and both n and also satisfy Laplace's equation. In Eq. [7] , (ρ, φ) is the stream function related to the ρ and φ components of the velocity field by
The governing Eqs. [6] and [7] in the outer region satisfy the following boundary conditions at the cylinder surface (outer edge of the thin double layer) obtained by solving for the electrochemical potentials and fluid velocity in the inner region and using a matching procedure to ensure a continuous solution in the whole fluid phase (26, 27) :
where the relaxation coefficients
In the above equations,
2 D m , andζ was defined by Eq. [4] . The physical meaning of Eq. [10] is that the net tangential ionic fluxes along the particle surface must be balanced by the normal ionic fluxes occurring just beyond the double layer to prevent accumulation of the ionic species. The apparent slip velocity given by Eq. [11b] results from the local diffusioosmosis caused by the electrostatic interaction between the cylinder and the diffuse ions in the double layer and by the tangential gradients ∂µ m /ρ∂φ along the cylinder surface. To obtain Eqs. [10] - [12] , it was assumed that the fluid is only slightly nonuniform in the undisturbed electrolyte concentration on the length scale of a and the concentration of each ionic species within the double layer is related to the electric potential by a Boltzmann distribution.
The electrochemical potentials undisturbed by the presence of the cylinder in a cell can be expressed as
m λ] ln n ∞ , [13] where λ was defined by Eq. [3] . It is understood that diffusioosmosis of an electrolyte solution in a porous medium results from a linear combination of two effects: (i) chemiosmosis due to the nonuniform adsorption of counterions in the electric double layer over the charged surface, which is analogous to diffusioosmosis of a nonionic solution (27) and (ii) electroosmosis due to the macroscopic electric field generated by the concentration gradient of the electrolyte and the difference in mobilities of the cation and anion of the electrolyte, given by the second term in the brackets of Eq.
[13] (3, 4, 28). The term in Eq. [2] proportional to λ represents the contribution from electroosmosis, while the other term is the chemiosmotic component. At the outer (virtual) surface of the cell, the local electrochemical potential gradient of type m ions is in accord with the gradient ∇µ ∞ m . Thus (14, 25) 
where n 0 is the electrolyte concentration measured at the axis of the cylinder in the absence of the cylinder, and it has been assumed that a(∇n ∞ ) t /n 0 1. The solution to Eqs. [6] , [10] , and [14] is [15] where
In Eq. [16] ,
and ϕ = (a/b) 2 . In the limit κa → ∞, the effect of double-layer polarization disappears, β 11 = β 12 = β 21 = β 22 = 0, 1 = 1, and
An alternative for the boundary condition of the electrochemical potential of type m ions at the virtual surface ρ = b may be taken as the distribution giving rise to the gradient ∇µ ∞ m in the cell when the cylinder does not exist (16, 25) . In this case, Eq. [14] becomes
The solution of the governing equation [6] subject to the boundary conditions [10] and [21] is also given by the form of Eq. [15] , but with coefficients A mi defined as
where
For the particular case of c 1 = c 2 = c 1 = c 2 = 0 and 1 = 4 (or β 11 /a = β 22 /a = 1 and β 12 /a = β 21 /a = 0 ), both Eq. [16] and Eq. [22] give A 11 = 1 + λ, A 21 = 1 − λ, and A 12 = A 22 = 0, and the concentration gradient in the fluid solution resulting from Eq. [15] equals the constant imposed value everywhere.
With knowledge of the solution for the electrochemical potential distributions (so that the apparent slip velocity given by Eq. [11b] is known), we can now proceed to find the flow field in a cell. On the outer boundary of the cell, the Happel model (9, 10) assumes that the radial velocity relative to the bulk flow and the shear stress are zero, viz.
where U t is the transverse diffusioosmotic velocity of the bulk fluid to be determined. A solution to Eq. [7] suitable for satisfying boundary conditions on the cylindrical surfaces is (29)
where the constants C, D, E, and F are to be determined from Eqs. [11] and [24] using Eqs. [9] and [15] . The procedure is straightforward, with the result
where V is a characteristic velocity of the fluid defined by
A = (ζ + ln coshζ )(A 11 + A 12 )
and A 11 , A 12 , A 21 , and A 22 are given by Eq. [16] or [22] . With this solution, the components of the fluid velocity can be calculated by using Eq. [9] . The drag force (in the x direction) exerted by the fluid on the cylinder per unit length is (29)
[30]
At the steady state, this net force must vanish, viz. D = 0. With this constraint, Eq.
[26b] yields the transverse diffusioosmotic velocity of the bulk fluid,
If the Kuwabara model (11) for the boundary conditions of the fluid flow at the virtual surface of the cell, which assumes that the radial velocity relative to the bulk flow and the vorticity are zero, is used, Eq. [24b] is replaced by
With this change, the stream function can still be expressed in the form of Eq. [25] , and the coefficients C, D, E, and F should be determined by boundary conditions [11] , [24a], and [32] . The result is
[34]
The fact that there is no drag force exerted on the cylinder requires D = 0, and Eq.
[33b] gives the bulk transverse diffusioosmotic velocity as
For any combination of ζ e/kT , κa, Z , f 1 , f 2 , and ϕ, the Happel model always results in a slightly higher value of U t than the Kuwabara model does (by a factor (1 + ϕ)(1 + ϕ 2 ) −1 ), which occurs because the zero-vorticity boundary condition yields a larger energy dissipation in the cell than that due to the drag on the cylinder alone. However, the Happel model has a significant advantage in that it does not require an exchange of mechanical energy between the cell and the environment (29) .
As to the diffusioosmosis generated by the longitudinal component (∇n ∞ ) l of the electrolyte gradient, there is no polarization of the thin double layers or disturbance in the fluid velocity and ionic electrochemical potential fields caused by the curvature of the cylinders like the above analysis for the transverse motion. The longitudinal diffusioosmotic velocity of the electrolyte solution is given by Eq. [2] , and the bulk fluid velocity in the negative z direction through the ordered array of cylinders can be expressed as
The total diffusioosmotic velocity of the bulk fluid caused by an arbitrarily oriented electrolyte gradient is the vectorial sum of the transversal and longitudinal contributions, U = −(U t e x + U l e z ).
[37]
Thus, in general, the direction of the bulk diffusioosmotic flow will not be parallel to the prescribed electrolyte gradient.
RESULTS OF DIFFUSIOOSMOSIS
Due to the differences in the boundary conditions for the electrochemical potential and fluid velocity distributions at the virtual surface ρ = b of a unit cell, four cases of the cell model can be defined. Case I: the Happel model with a specified electrochemical potential gradient at the virtual surface (the boundary conditions at ρ = b are described by Eqs. [14] and [24] ); Case II: the Happel model with a specified electrochemical potential profile at the virtual surface (the boundary conditions at ρ = b are described by Eqs. [21] and [24] ); Case III: the Kuwabara model with a specified electrochemical potential gradient at the virtual surface (the boundary conditions at ρ = b are described by Eqs. [14] , [24a], and [32] ); Case IV: the Kuwabara model with a specified electrochemical potential profile at the virtual surface (the boundary conditions at ρ = b are described by Eqs. [21] , [24a], and [32] ). The analytical solutions of the ionic electrochemical potentials and the fluid flow in the unit cell and the diffusioosmotic velocity of the bulk fluid have been obtained in the previous section for all of the four cases.
In Case I, the transverse diffusioosmotic velocity is given by Eq. [31] with coefficient A defined by Eqs. [29] and [16] . This velocity can be expressed as
which is the transverse diffusioosmotic velocity of the bulk fluid in the limit ϕ = 0; the parameters g and h are
[41]
Equation [39] with V and g given by Eqs. [27] and [40] can also be used to express the corresponding diffusiophoretic velocity of an isolated charged circular cylinder in the direction normal to its axis (27) . Note that, in the limit κa → ∞, Eq.
[39] reduces to Eq. [2] . In Case II, the transverse diffusioosmotic velocity of the bulk fluid within the array of charged cylinders can be evaluated by Eq. [31] with A given by Eqs. [29] and [22] , and its expression parallel to Eq. [38] for Case I is
In Case III, the transverse diffusioosmotic velocity of the bulk fluid can be obtained by Eqs.
[35], [29] , and [16] , with the result
In Case IV, the bulk transverse fluid velocity is given by Eq.
[35] with A defined by Eqs. [29] and [22] , and it can be expressed as
It can be found from Eqs.
[38]-[44] that the transverse diffusioosmotic velocity of the electrolyte solution in the fiber matrix predicted by the cell model is quite sensitive to the boundary conditions specified at the virtual surface of the cell. In Fig. 2 , the normalized diffusioosmotic velocity U t /U (0) t of the fluid in the fiber matrix is plotted as a function of ϕ in the limit of κa → ∞. It is clearly shown that the Kuwabara model predicts a somewhat smaller diffusioosmotic mobility than the Happel model does under otherwise the same conditions. In this limiting situation, U t /U (0) t is greater than unity at all values of ϕ for Case I, is a monotonically decreasing function of ϕ for Cases II and IV, and is independent of ϕ for Case III.
The results of U t /U
t as a function of ϕ for the electrolyte solution within the array of charged cylinders with a finite value of κa are plotted in Fig. 3 for the four cases of the cell model. The situations associated with Fig. 3a (Z = 1, f 1 = f 2 = 0.2) and 3b (Z = 1, f 1 = 0.2, λ = −0.2) are close to those of diffusioosmosis of the aqueous solutions of KCl and NaCl, respectively. It can be seen in Figs. 2 and 3 that the four cases of the cell model lead to quite different results of the transverse diffusioosmotic velocity of the fluid. Note that the bulk fluid can reverse its direction of flow with a decrease in the porosity (an increase in ϕ) of the fiber matrix.
The unit cell models with various boundary conditions at the virtual surface of the cell have also been used in the literature to study the electrophoresis (14) (15) (16) (17) and diffusiophoresis (25) of suspensions of charged spheres with thin double layers. The results of those studies indicate that the tendency of the dependence of the normalized particle mobility on the volume fraction of the particles in Cases I and III is not correct in comparison with the corresponding ensemble-averaged results obtained by using the concept of statistical mechanics. Thus, the boundary condition represented by Eq. [14] might not be as accurate as that represented by Eq. [21] , probably due to the fact that the angular component of the gradients of the electrochemical potential energies at the virtual surface of the cell is not specified in Eq. [14] . It was also shown that the electrophoretic and diffusiophoretic velocities predicted by Case IV of the cell model agree quite well with those obtained from the statistical model (31) and from an experimental study (32) for dilute suspensions of particles. A possible reason for this outcome might be the fact that the Kuwabara boundary condition of zero vorticity is consistent with the irrotational-flow environment generated by an electrophoretic or diffusiophoretic particle with a thin double layer. Note that, however, except for the case with κa → ∞, the flow caused by two or more identical diffusiophoretic or electrophoretic spheres is not irrotational (31) .
In Fig. 4 , U t /U (0) t of the electrolyte solution within the array of charged cylinders is plotted as a function of ϕ for Case IV with Z and ζ e/kT as parameters. It can be seen that the normalized transverse diffusioosmotic velocity of the bulk fluid can be increased or decreased by the increase of ϕ, depending on the values of the relevant factors. Again, Fig. 4 illustrates that the bulk fluid can reverse its direction of flow with the variation of ϕ, keeping these factors unchanged. The results in Fig. 4 reveal the drastic effect of ion valence on the diffusioosmotic velocity, in particular for large normalized zeta potential. The physical explanation for it will be given with the discussion on the results in Fig. 5 .
The normalized diffusioosmotic velocity U t /U
t of the electrolyte solution within the array of charged cylinders is plotted versus their dimensionless zeta potential at different values of κa and Z in Fig. 5 for Case IV when ϕ is kept constant. In Fig. 5a for the case of λ = 0, only the results at positive zeta potentials are displayed since the induced macroscopic electric field vanishes and the bulk fluid velocity, which is due to the chemiosmotic effect only, will be an even function of the zeta potential. When the value of Zeζ /kT is small (say, <6), U t /U (0) t is a monotonically increasing function of Zeζ /kT for a finite value of κa. Also, this diffusioosmotic mobility is larger with smaller κa. However, when the value of Zeζ /kT is increased, a maximum and a minimum of the normalized bulk fluid velocity would appear.
As Z increases or κa decreases, the extremes occur at smaller zeta potentials. Note that the abrupt variation of the normalized diffusioosmotic velocity near these extremes is due to the fact that the direction of the velocity U (0) t given by Eq. [39] reverses and its magnitude is small over there (27) , while the velocity U t does not reverse synchronously. In Fig. 5b for the case of λ = 0, both the chemiosmotic and electroosmotic effects contribute to the fluid motion and the net diffusioosmotic velocity is neither an even nor an odd function of ζ . Again, U t /U function of ζ e/kT . In general, no simple rule could appropriately describe the flow behavior. Whether the diffusioosmotic mobility of the fluid is increased or decreased depends on the combination of ζ e/kT , κa, Z , f 1 , and f 2 .
In Fig. 6 , U t /U (0) t of the electrolyte solution is plotted versus κa in the range from 20 to 10,000 for Case IV with Z and ζ e/kT as parameters. For the case Z = 1, the magnitude of U t /U (0) t in general decreases steadily as κa becomes large gradually. However, when the value of Zeζ /kT gets large (say, >6), there can be a minimum and a maximum of the normalized diffusioosmotic velocity occurring at some value of κa for a given value of ζ e/kT . If the cylinders are charged more highly (with greater magnitude in zeta potential) or the counterions have a larger absolute value of valence, the locations of these extremes will shift toward large κa; that means larger values of κa are required to make the assumption of κa → ∞ valid. Although only the situation of λ = 0 is displayed in Fig. 6 , the plot of U t /U (0) t versus κa for cases with λ = 0 will indicate a similar outcome.
ELECTROOSMOSIS
Considered in this section is the steady electroosmotic flow of a solution of a symmetrically charged electrolyte in the fibrous porous medium constructed by an array of charged cylinders subjected to a uniform electric field E ∞ . The bulk concentration n ∞ of the symmetric electrolyte beyond the electric double layers is constant now. The thickness of the double layers is assumed to be much smaller than the radius of the cylinders and the surface-to-surface distance between the neighboring cylinders, but the polarization effect in the thin diffuse layers is allowed. Like the analysis in Section 2, we can decompose E ∞ into the transversal and longitudinal components, E ∞ t e x and E ∞ l e z , and discuss the electroosmosis due to each separately.
First, we examine the fluid motion due to the transverse component E ∞ t of the applied electric field. The bulk electroosmotic velocity caused by this component can be expressed by −U t e x . Again, the unit cell model shown in Fig. 1 is employed. Outside the double layer in each cell, the electrochemical potentials of the ions satisfy the Laplace equation [6] and the boundary condition of Eq. [10] at the cylinder surface, but their undisturbed values are given by
in replacement of Eq. [13] . If a boundary condition similar to Eq. [14] is used at the virtual surface of the cell, one has
where m equal to 1 and 2 refers to the anion and cation, respectively, of the symmetric electrolyte of valence Z . The solution to Eqs. [6] , [10] , and [46] is
where, instead of Eq. [16] ,
If a boundary condition analogous to Eq. [21] ,
is used, the solution of the electrochemical potentials is also given by Eq.
[47], but now the coefficients A mi are
The governing equation, boundary conditions, and solution for the fluid flow field and the expression for the transverse electroosmotic velocity U t of the bulk fluid have the same forms as those given in Section 2, except that the characteristic velocity of the fluid given by Eq. [27] should be changed into
The final results for the transverse electroosmotic velocity of the bulk fluid for all of the four cases of the cell model also have the same forms as those presented in Section 3, except that g and h in Eqs.
[40] and [41] are replaced by
[53]
Now, U
t given by Eq.
[39] with V and g given by Eqs.
[51] and [52] is the transverse electroosmotic velocity of the bulk fluid in the limit ϕ = 0, which is also the electrophoretic velocity of an isolated charged cylindrical particle with a thin but polarized double layer caused by the transversely applied electric field (27) . In the limit κa → ∞, U (0) t reduces to the Helmholtz result given by Eq. [1] .
For the electroosmosis driven by the longitudinal component E ∞ l of the imposed electric field, no polarization of the diffuse ions or disturbance in the fluid velocity and electrochemical potential fields arises. The longitudinal electroosmotic velocity of the electrolyte solution is given by the Helmholtz equation and the bulk fluid velocity in the negative z direction can be written as
Similarly, the overall electroosmotic velocity of the bulk fluid caused by an arbitrary electric field can also be determined by Eq.
[37].
In the limiting situation given by κa → ∞, the dependence of the normalized electroosmotic velocity U t /U (0) t of the electrolyte solution within the array of charged cylinders on the cylinder volume fraction ϕ is the same as that for the diffusioosmosis, shown in Fig. 2 . The results of U t /U (0) t for the fluid in the fiber matrix with a finite value of κa are plotted in Fig. 7 for the four cases of the cell model. Similar to the corresponding situation of diffusioosmosis presented in the previous section, the four cases of the cell model yield quite different results for the electroosmotic mobility of the fluid. Note that, in the situation of electroosmosis, U t /U (0) t is always positive and its values obtained from Cases III and IV are smaller than those obtained from Cases I and II, respectively.
The normalized electroosmotic velocity U t /U (0) t of the electrolyte solution within the array of charged cylinders is plotted versus ζ e/kT at different values of κa and Z in Fig. 8a for Case IV with a constant ϕ. When the value of Zeζ /kT is small (say, <6), U t /U (0) t increases monotonically with an increase in Zeζ /kT or a decrease in κa. However, when the value of Zeζ /kT is increased, a maximum of the normalized electroosmotic mobility would appear. As Z increases or κa decreases, the maximum occurs at a smaller zeta potential.
In Fig. 8b , the results of U t /U (0) t for a given value of ϕ are plotted versus κa for Case IV with Z and ζ e/kT as parameters. For the case Z = 1, U t /U (0) t in general decreases as κa increases. However, when the value of Zeζ /kT is large (say, >6), there can be a maximum of the normalized electroosmotic mobility occurring at some κa for a fixed value of ζ e/kT . If the value of Zeζ /kT is increased, the locations of these maximal values will shift toward larger κa. 
CONCLUDING REMARKS
In this work, the steady-state diffusioosmosis and electroosmosis of a solution of a symmetric electrolyte with a uniformly imposed and arbitrarily oriented concentration gradient or electric field in an ordered array of identical charged cylinders with thin but polarized electric double layers are analyzed using the unit cell model with various boundary conditions at the virtual surface of the cell. On the basis of the assumption of small Peclet and Reynolds numbers, the ionic electrochemical potential and fluid flow fields in the cell were solved analytically and the diffusioosmotic and electroosmotic velocities of the bulk fluid as functions of the porosity of the array of cylinders were obtained in closed-form expressions given by Eqs. conditions at the outer boundary of the cell have also been provided. For the systems of diffusioosmosis and electroosmosis in a fibrous porous medium discussed in the present work, the relevant experimental data, which are not yet available, would be needed to confirm the validity of each case of the cell model at various ranges of ζ e/kT , κa, and ϕ.
Equation [39] for the limiting case of ϕ = 0 can be used to express the diffusiophoretic and electrophoretic velocities of a single charged circular cylinder in the direction normal to its axis. As to the diffusiophoretic and electrophoretic motions of a cylinder generated by a longitudinal electrolyte concentration gradient or electric field, there is no disturbance in the fluid velocity and electrochemical potential fields caused by the curvature of the cylinder. Thus, the longitudinal velocity of the cylinder is given by Eq. [36] or [54] with ϕ = 0. For the diffusiophoresis and electrophoresis of a circular cylindrical particle oriented arbitrarily with respect to the imposed electrolyte concentration gradient or electric field, the particle velocity is the vectorial sum of its transverse and longitudinal contributions. For an ensemble of circular cylinders with random orientation, the average diffusiophoretic and electrophoretic velocities (aligned with the direction of the applied field ∇n ∞ or E ∞ ) can be obtained by two thirds of the value given by Eq. (27) .
